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(54) Angular velocity sensor and process for manufacturing the same 



(57) An integral bimorph angular rate sensor is 
formed by directly bonding two tuning fork members 
(1,2) in the thickness direction to enhance the detecting 
sensitivity of the angular velocity sensor. The individual 
tuning fork members (1 ,2) are formed from a single crys- 



talline piezoelectric material such as quartz and are 
bonded in the crystal axis direction as to establish a pi- 
ezoelectric phenomenon wherein the piezoelectric ma- 
terials of the bonded tuning fork members have inverse 
polarities in their width or thickness directions. 
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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 5 

[0001] The present invention relates to an angular ve- 
locity sensor to be used, for example, in a car navigation 
system, a control system for an automobile, or a manual 
blur correcting system for still or video cameras, and to 
a process or method for manufacturing the angular ve- 
locity sensor. 

2. Prior Art 

[0002] A principal angular velocity sensor known in 
the prior art is the expensive and large top-type gyro- 
scope which is most often used in airplanes or ships. In 
recent years, however, there has been developed an in- 
expensive oscillatory type angular velocity sensor, the 
application of which has been expanded to automotive 
control systems, car navigation systems as well as to 
manual blur correcting systems for video or still camer- 
as. As a result of these expanded and new uses, the 
demand for smaller and less expensive angular velocity 
sensors has greatly increased. 

[0003] Accordingly, there has been proposed in re- 
cent years an angular velocity sensor employing a sin- 
gle crystalline piezoelectric element made of quartz or 
lithium tantalate, making it possible to provide a smaller 
and less expensive angular velocity sensor. 
[0004] In the prior art angular velocity sensor utilizing 
a single crystalline piezoelectric element, a pair of arms 
are joined and fixed at their individual end portions by a 
root member to form a tuning fork oscillator. This tuning 
fork oscillator is, for example, cut from a quartz sheet 
into an integral structure. A set of drive electrodes are 
affixed to one of the arrri'sof the tuning fork oscillator for 
driving the tuning fork oscillator piezoelectrically in the 
direction of a principal plane at a resonant frequency. 
The drive electrodes are electrically driven by an exter- 
nal oscillator circuit. A monitor and a ground electrode 
are affixed to the other arm for detecting the oscillation 
amplitude caused by the oscillator circuit Sense elec- 
trodes are also affixed to the same arm as the monitor 
electrode for piezoelectrically detecting the stress due 
to the Coriolis force acting on the tuning fork. 
[0005] In the prior art sensor, the electric charge gen- 
erated at the monitor electrode is amplified by an exter- 
nal circuit and then compared with a reference signal 
preset by an AGC (auto gain control), to control the os- 
cillator circuit which maintains the oscillation amplitude 
of the tuning fork oscillator constant. On the other hand, 
the sense electrodes detect a signal due to the Coriolis 
force, which is amplified by an external amplifier circuit 
synchronously with the signal detected by the monitor 
electrode. The modulated detected signal is thereafter 
demodulated and the undesired frequency band is fil- 



tered out by an LPF (low pass filter). 
[0006] Angular velocity sensors of this type have not 
been effective for a number of reasons. For example, 
quartz is typically a single crystalline piezoelectric ma- 
terial composed of arrayed single crystals of Si0 2 . Since 
Si has a positive polarity and 0 2 has a negative polarity, 
electric neutralization is established by arraying Si and 
0 2 symmetrically. However, if a strain is applied, to the 
Si0 2 piezoelectric material the electric symmetry is bro- 
ken and electric charges are generated. 
[0007] FIG. 30A is a diagram representing the individ- 
ual axes of a quartz crystal. As shown, an axis joining 
the edges is defined as an X-axis (or electric axis) and 
an axis normal to the plane made by the X-X axes is 
defined as a Z-axis (or optical axis). FIG. 30B represents 
a section in the X-Y plane having the polarities shown. 
As described above, a single crystalline piezoelectric 
material, such as quartz, exhibits specific piezoelectric 
characteristics and has specific polarities with respect 
to the crystal axes which depend on the molecular array 
of the crystalline piezoelectric material. 
[0008] On the other hand, an oscillation type angular 
velocity sensor detects rotation of an object by detecting 
the Coriolis force acting at a right angle with respect to 
the direction of the oscillations. Thus, the angular veloc- 
ity sensor is required to have piezoelectric characteris- 
tics for two axes and to have means for applying the 
oscillations and means for detecting the force or oscil- 
lations at a right angle to the applied oscillations. Gen- 
erally, a tuning fork oscillator is cut from a piezoelectric 
material in the direction as shown in FIG. 31 . Although 
it is easy to apply the driving oscillations in a tuning fork 
oscillator which has been cut in the direction shown in 
FIG. 31 , the sensitivity of the detected Coriolis force (the 
perpendicular oscillations) is very low. 
[0009] Thus an object of the invention is to provide an 
angular velocity sensor which has an enhanced detec- 
tion sensitivity via the sense electrodes. 
[0010] In accordance with another object of the inven- 
tion, there is provided an angular velocity sensor which 
has a simple electrode construction which can be 
formed by, for example, a photolithographic method. 

SUMMARY OF THE INVENTION 

[0011] In order to solve the above-specified problems, 
according to the invention, there is provided an angular 
velocity sensor which comprises a bimorph structure in- 
cluding a first tuning fork member including at least two 
arms formed from a single crystalline piezoelectric ma- 
terial and at least one root member joining the arms, and 
a second tuning fork member having a shape generally 
similar to that of the first tuning fork member and also 
formed from a single crystalline piezoelectric material. 
The first tuning fork member and the second tuning fork 
member are directly bonded in the thickness direction 
into an integral bimorph tuning fork oscillator structure 
with the crystal axes directions of the piezoelectric ma- 
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terials of the two tuning fork members having inverse 
polarities with respect to each other in the width direc- 
tion. 

[0012] More specifically, the first tuning fork member 
and the second tuning fork member have reversed po- 
larities in the electrically active X -direction Therefore, it 
is necessary to provide only a single set of sense elec- 
trodes formed on opposed peripheral faces of one of the 
arms of the tuning fork oscillator. If an electric field is 
applied in the X-axis direction, the field direction, and 
the polarized directions are aligned on one surface side 
of the arm but are reversed on the other surface, the 
extending/contracting forces in the opposite directions 
act in opposition to the oscillations, which act in parallel 
with the plane normal to the X-axis direction. In contrast, 
in the prior art devices, a charge component due to the 
Coriolis force is canceled in the vicinity of the center of 
the section of the arm. By inverting the polarity of the 
piezoelectric material, as described, the direction of the 
charges caused by the Coriolis lorce, in the section of 
the arm. greatly enhance the efficiency of the angular 
velocity sensor. Thus, a factor which weakens or de- 
creases the electric field intensity in the prior art angular 
velocity sensors is reduced thereby enhancing the de- 
tection sensitivity of the angular velocity sensor of the 
invention. By this arrangement, the bimorph structure of 
the present invention has a Coriolis force detection sen- 
sitivity which is twice as high as the prior art sensors. 
Thus, because the axial direction in which the Coriolis 
force is to be detected is also the axial direction in which 
the piezoelectric characteristics are high, the resulting 
angular velocity sensor has a high sensitivity and an ex- 
cellent total S/N ratio. 

[0013] Still further, in the angular velocity sensor of 
this invention, the drive electrodes for causing oscilla- 
tion in parallel with the principal plane of the tuning fork 
oscillator are preferably formed on the four outer periph- 
eral faces of one of the two arms of the tuning fork and 
the sense electrodes for detecting the electric charge 
generated by oscillations normal to the principal face of 
the tuning fork oscillator are preferably formed on the 
opposed side faces of the other arm of the tuning fork, 
thereby, simplifying the electrode construction com- 
pared with the prior art sensors. 
[0014] According to still another aspect of the inven- 
tion, there is provided an angular velocity sensor com- 
prising a tuning fork oscillator including first and second 
arms made of a single crystalline piezoelectric material, 
and at least one root member joining the first and second 
arms. The first and second arms are bonded such that 
the polarities of the crystal axes of the first and second 
arms are inverted from each other in the thickness di- 
rection of the tuning fork oscillator. Since the polarities 
of the piezoelectric material are inverted in the two arms 
of the bimorph tuning fork of the present invention, the 
charge components due to the Coriolis force, as detect- 
ed from the two arms, are in phase with each other but 
in opposite phase with respect to the acceleration com- 



ponent. This makes it easy to connect the sense elec- 
trodes with the common electrode so that the amplifica- 
tion stages of the amplifier can be simplified. Another 
advantage of this construction is that the phase shift of 

5 the two independent amplifiers of the prior art and the 
problem of the drift of the intermediate voltage due to 
the temperature characteristics can be avoided. 
[0015] As a still further advantage of the invention, 
with the polarities of the piezoelectric materials differing 

io between the two arms (or at the center of), the tuning 
fork, one arm is preferably used for driving the tuning 
fork and for monitoring the drive operation and the other 
arm is used for the sensing the Coriolis force and mon- 
itoring the sensing operation or for only sensing the Co- 

15 riolis force. As a result, it is possible to efficiently process 
the two orthogonal oscillations piezoelectrically, i.e., the 
drive of the tuning fork oscillator and the detection of the 
stress due to the Coriolis force. 
[0016] According to a further aspect of the invention, 

20 there is provided an angular velocity sensor comprising 
two tuning fork members made of piezoelectric sheets 
of crystals which exhibit a piezoelectric phenomena and 
inverted piezoelectric phenomena and have a plus po- 
larity at one end of the electrically active X-axis thereof 

25 and a minus polarity at the other end, and including a 
pair of arms extended from the tuning fork root members 
to set the X-axis direction in the width or thickness di- 
rection, in which the two tun ing fork members are direct- 
ly bonded with the polarities of the X-axis direction being 

30 inverted from each other. 

[0017] In a further aspect of the invention, the angular 
velocity sensors as described, may have sense elec- 
trodes which are not divided but are formed as a single 
structure so that the extending/contracting forces in the 

35 opposite directions are applied to the individual arms of 
the tuning fork oscillator which are inverted in polarity 
so that the detection sensitivity can be. enhanced. 
[0018] According to a still further aspect of the inven- 
tion, there is provided a process for manufacturing an 

40 angular velocity sensor wherein the tuning fork mem- 
bers are formed by photolithography from a sheet ma- 
terial which is prepared by bonding at least two sheets 
of single crystalline piezoelectric material directly in dif- 
ferent crystal axes directions. As a result, the oscillator 

45 can be manufactured extremely inexpensively and can 
be mass produced. 

[0019] According to yet a further aspect of the inven- 
tion, there is provided a process for manufacturing an 
angular velocity sensor wherein the tuning fork mem- 

50 bers are formed by photolithography from at least two 
wafers of single crystal piezoelectric materials which are 
directly bonded on the wafers in different azimuths of 
the crystal axes. By bonding the tuning fork members 
which are etched prior to bonding, even a thick tuning 

55 fork oscillator can be manufactured by the photolitho- 
graphic method so that the aforementioned technique 
can be utilized even for applications where high preci- 
sion and high S/N ratio are required. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] These and other objects, features and advan- 
tages of the invention, its construction and operation will 
be best understood from the following detailed descrip- 
tion, taken in conjunction with the accompanying draw- 
ings, of which: 

FIG. 1 is a diagram of a tuning fork oscillator of an 

angular velocity sensor in accordance with a first 

embodiment of the invention; 

FIG. 2 is a left side elevation view of the tuning fork 

oscillator of FIG. 1 showing the electrodes; 

FIG 3 is a front elevation view of the tuning fork 

os: jator of FIG 1; 

FIG. 4 is a right side elevation view of the tuning 
fork oscillator of FIG. 1; 

FIG. 5 is a rear elevation view of the tuning fork os- 
cillator of FIG. 1; 

FIG. 6A is a schematic view showing the flow of 
electric charge during the drive mode of the tuning 
fork oscillator thereof; 

FIG. 6B is a schematic view showing the strain and 
direction of oscillation during the drive mode of the 
tuning fork oscillator thereof; 
FIG. 7A is a schematic view showing the flow of 
electric charge during the detection mode of the tun- 
ing fork oscillator thereof; 

FIG. 7B is a schematic view showing the strain and 
direction of oscillation during the detection mode of 
the tuning fork oscillator thereof; 
FIG. 8 is a circuit block diagram for the angular ve- 
locity sensor of the invention; 
FIG. 9 is a process diagram for manufacturing a tun- 
ing fork oscillator of the invention; 
FIG. 10 is a process diagram of an alternate proc- 
ess for manufacturing a tuning fork oscillator of the 
invention; ^: 

FIG. 11 is a diagram showing an alternate arrange- 
ment of the drive electrodes for the tuning fork os- 
cillator shown in FIG. 1; 

FIG. 1 2 is a diagram showing an alternate arrange- 
ment of sense electrodes for the tuning fork oscilla- 
tor shown in FIG. 1; 

FIG. 1 3 is a diagram of a tuning fork oscillator of an 
angular velocity sensor according to a second em- 
bodiment of the invention; 

FIG. 14 a left side elevation view of the tuning fork 
oscillator of FIG. 13 showing the electrodes; 
FIG. 15 is a front elevation view of the tuning fork 
oscillator of FIG. 1; 

FIG. 16 is a right side elevation view of the tuning 
fork oscillator of FIG. 1; 

FIG. 17 is a rear elevation view of the tuning fork 
oscillator of FIG. 1; 

FIG. 18A is a schematic view showing the flow of 
electric charge during the drive mode of the tuning 
fork oscillator thereof; 



[0021] Fig. 1 shows a structure of an angular velocity 
sensor using a tuning fork oscillator in accordance with 
a first embodiment of the invention. Reference numerals 
1a and 1b designate arms which are joined at a root 
member 1c to form a first tuning fork member as gener- 
ally shown at 1. Likewise, reference numerals 2a and 
2b designate arms which are also joined at a root mem- 



FIG . 1 8B is a schematic view showing the strain and 
direction of oscillation during the drive mode of the 
tuning fork oscillator thereof; 
FIG. 19A is a schematic view showing the flow of 
5 electric charge during the detection mode of the tun- 
ing fork oscillator thereof; 

FIG. 1 9B is a schematic view showing the strain and 
direction of oscillation during the detection mode of 
the tuning fork oscillator thereof; 
10 FIG. 20 is a diagram showing an alternate arrange- 
ment of the drive electrodes for the tuning fork os- 
cillator shown in FIG. 13; 

FIG. 21 is a diagram of a tuning fork oscillator of an 

angular velocity sensor according to a third embod- 
'5 iment of the invention; 

FIG. 22 a left side elevation view of the tuning fork 

oscillator of FIG. 21 showing the electrodes; 

FIG. 23 is a front elevation view of the tuning fork 

oscillator of FIG. 22; 
20 FIG. 24 is a right side elevation-view of the tuning 

fork oscillator of FIG. 22; 

FIG. 25 is a rear elevation view of the tuning fork 
oscillator of FIG. 22; 

FIG. 26A is a schematic view showing the flow of 
2S electric charges during the drive mode of the tuning 
fork oscillator thereof: 

FIG. 26B is a schematic view showing the strain and 
direction of oscillation during the drive mode of the 
tuning fork oscillator thereof; 
30 FIG. 27A is a schematic view showing the flow of 
electric charge during the detection mode of the tun- 
ing fork oscillator thereof; 

FIG . 27B is a schematic view showing the strain and 
direction of oscillation during the detection mode of 
35 the tuning fork oscillator thereof;; 

FIG. 28 is a diagram of a tuning fork oscillator of an 
angular velocity sensor according to a fourth em- 
bodiment of the invention; 

FIG. 29A-29G show alternate embodiments for a 
40 tuning fork oscillator in accordance with the inven- 
tion as disclosed; 

FIG. 30A is a diagram used for explaining the indi- 
vidual axes of quartz; 

FIG. 30B is a diagram showing a section through 
45 the X-Y plane of the quartz; and 

FIG. 31 is a diagram of the tuning fork oscillator of 
the prior art. 

DESCRIPTION OF THE PREFERRED 
so EMBODIMENTS 
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ber 2c to form a second tuning fork member as generally 
shown at 2. The tuning fork members 1 and 2 are each 
made of a single crystalline piezoelectric material, such 
as quartz, and are directly bonded to each other to con- 
struct a bimorph structure. This direct bonding estab- 
lishes a bonded state similar to that of an integral struc- 
ture by sufficiently smoothing the surfaces of the mem- 
bers to be bonded by adsorbing hydroxide radicals after 
a hydrophilic treatment and by superposing and ther- 
mally treating the members so that the hydroxide radi- 
cals and hydrogen may be released from the interface 
to bond the members as is well-known in the art. 
[0022] As further shown in FIG. 1 : the tuning fork 
member 1 has crystal axes directions, as designated by 
1d, and the tuning fork member 2 which is bonded to 
tuning fork member 1 has crystal axes directions, as 
designated by 2d, such that the X-axis of the tuning fork 
member 2 is inverted with respect to the X-axis of the 
tuning fork member 1 . In other words, the tuning fork 
members 1 and 2 are so bonded that the X-axis direc- 
tions are inverted from each other in the directions of 
their principal planes. 

[0023] The tuning fork oscillator for the angular veloc- 
ity sensor thus constructed will now be specifically de- 
scribed with reference to Figs. 2 to 7. As shown in Figs. 
3, 5 and 6A, drive electrodes 3a and 3b are mounted on 
the A-B plane sides (i.e., front and rear sides) of arms 
la and 2a for piezoelectrically driving the tuning fork os- 
cillator at a resonant frequency in the A-B plane. The 
drive electrodes are electrically driven by an external os- 
cillator circuit described below. As further shown (see 
Fig. 7A), on the A-B plane sides of arms 1 b and 2b, there 
are mounted a monitor electrode 5 and a ground elec- 
trode 6 for detecting the amplitude of the oscillations 
which are generated by the oscillator circuit of the tuning 
fork oscillator. On the B-C plane sides of the arms 1a, 
1 b, 2a and 2b (see Figs. 2, 3, 4, 6A and 7 A), on the other 
hand, there are mounted sense electrodes 7a, 7b, 7c 
and 7d for piezoelectrically detecting the Coriolis force 
which is generated corresponding to the angular veloc- 
ity on the B-axis of the tuning fork oscillators. In this em- 
bodiment, the sense electrodes 7a and 7b are effective- 
ly ground electrodes and also function as drive elec- 
trodes. 

[0024] In the present embodiment, the electric charge 
generated at the monitor electrode 5, is applied to the 
M input of the external circuit, shown in FIG. 8, amplified 
by amplifier 20 and are then compared with a reference 
signal preset by an AGC (auto gain control) by compa- 
rator 22, to control the oscillator circuit to control the 
drive signals D- and D+ to cause the oscillation ampli- 
tude of the tuning fork oscillator to be constant. On the 
other hand, the sense electrodes 7a to 7d detect a signal 
due to the Coriolis force, which are applied to sense in- 
puts S1 and S2 of the external circuit, FIG. 8, synchro- 
nously with the signal from monitor electrode 5. The 
modulated signal, is demodulated in demodulator 24. 
Thereafter, the unnecessary band is filtered out by a 



LPF (low pass filter to produce the sensor output, Vout. 
[0025] FIGS. 6A and 6B show the strain created in a 
section of arm la and the flow of electric charge in the 
drive mode (of the A-B plane oscillations). During driv- 

5 ing, drive signals are applied to the drive electrodes 3a 
and 3b, causing each arm to extend/contract in the width 
direction resulting in a charge flow, as shown. Since the 
X-axis is reversed in the arms la and 2a, a stress is cre- 
ated such that the strain is reversed in the width direction 

10 of the arms, as shown in FIG. 6B. In this way, arms la 
and 1b can be oscillated in the A-B plane. The monitor 
electrode 5 piezoelectrically detects the electric charge 
caused by the oscillation of the turning fork oscillator 
Referring to FIGS. 7A and 7B, the strain in a section of 

is the arm 1 b and the charge flow in the detection mode 
(or in the B-C plane) of the Coriolis force are shown. The 
Coriolis force is an oscillation in the direction of the B-C 
plane, (FIG. 2) so that the arm extends/contracts in the 
thickness directions, as shown in FIG. 7B. The resultant 

20 electric charge is in the same direction because the 
arms of the tuning fork member 1 and the tuning fork 
member 2 have reversed X-axes, as shown in FIG. 7A, 
so that it can be efficiently detected by the sense elec- 
trodes 7a, 7b, 7c and 7d. 

25 [0026] FIG. 9 illustrates a process for manufacturing 
an angular velocity sensor in accordance with the first 
embodiment of the present invention. In FIG. 9, refer- 
ence numerals 8 and 9 designate wafers made of a sin- 
gle crystalline material, such as quartz. Each of the wa- 

30 fers 8 and 9 is dimensioned to have a thickness which 
is approximately one half of the thickness of the final or 
resulting tuning fork oscillator 12. Additionally, the wa- 
fers 8 and 9 are selected to have crystal axes of different 
azimuths. In this example, the azimuths of the wafers 8 

35 and 9 are in a reversed relation with respect to each oth- 
er in their principal planes. 

[0027] Wafers 8 and 9 are directly;, bonded by the 
bonding method into a single sheet 10. By a convention- 
al photolithographic process, similar to those used to 

40 manufacture the prior art tuning lork oscillator or the like, 
the tuning fork oscillators are formed; as designated 
generally by 11. Thereafter, electrodes are formed on 
the tuning fork oscillator using conventional techniques 
the tuning fork oscillators are then divided into the indi- 

45 vidual tuning fork oscillators 12. By bonding the single 
crystalline piezoelectric materials with different crystal 
axes directions in the wafer state, the tuning fork oscil- 
lators can then be manufactured employing a process 
similar to that of the ordinary tuning fork oscillator or the 

so like. 

[0028] FIG. 10 illustrates an alternate process for 
manufacturing the angular velocity sensor of embodi- 
ment 1. In FIG. 10, wafers 13 and 14 are thin sheets of 
the single crystalline piezoelectric material, such as 
55 quartz, in which the tuning fork oscillators are formed by 
a photolithographic process. The wafers 13 and 14 are 
about one half the thickness of a resulting or final tuning 
fork oscillator 16. As before, the tuning fork oscillators 
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have crystal axes of different azimuths. Wafers 13 and 
14 are precisely positioned by means of an aligner and 
then directly bonded into a bimorph structure as gener- 
ally indicated by reference numeral 1 5. Next, electrodes 
are formed on the tuning fork oscillators and thereafter s 
they are divided into the individual tuning fork oscillators 
16. By using this technique which forms the tuning fork 
by etching the material with about one half of the dimen- 
sion of the final tuning fork oscillators, the etching time 
period is approximately halved with respect to the time 10 
period ordinarily required. In addition, the flatness of the 
etched section can be easily retained and thick oscilla- 
tors can be formed with ease and precision. 
[0029] In the first embodiment of the inventions, arms 
la and 2a of the tuning fork oscillators have sense elec- is 
trodes 7a and 7b which also function as drive elec- 
trodes. However, as shown in FIGS. 11 and 12, elec- 
trodes 7a and 7b can be used only as the drive elec- 
trodes and the Coriolis force can be sensed by sense 
electrodes 7c and 7d. In addition, monitor electrode 5 20 
and ground electrode 6 may be omitted. 
[0030] Figs. 1 3 to 1 9 show an angular velocity sensor 
according to a second embodiment of the invention. In 
FIG. 1 3, reference numerals la and 1 b designate a pair 
of arms which are joined by a root member 1 c to form a 2s 
first tuning fork member 1 . Likewise, the reference nu- 
merals 2a and 2b designate another pair of arms which 
are also joined are similarly joined at a root member 2c 
to form a second tuning fork member 2. Tuning fork 
members 1 and 2 are each made of a single crystalline 30 
piezoelectric material, such as quartz, and are directly 
bonded to each other to construct a bimorph structure. 
As shown in FIG. 13, tuning fork member 1 is bonded 
in the direction of crystal axes, as designated by 1 d, and 
the tuning fork member 2 is bonded in the direction of 35 
crystal axes, as designated by 2d such that the X-axis 
of the respective arms is inverted. In other words, the 
first and second tuning fork members 1 and 2 are so 
bonded that the X-axis directions are inverted from each 
other in their thickness directions. *o 
[0031] Referring to FIGS. 14-19, which show the sec- 
ond embodiment in greater detail, reference numerals 
3a and 3b designate the drive electrodes, reference nu- 
meral 5 designates the monitor electrode, reference nu- 
meral 6 designates the ground electrode, all of which 45 
are mounted on one arm of the tuning fork and reference 
numerals 7a and 7b designate the sense electrodes 
which are mounted on the other arm of the tuning fork. 
As shown in FIG. 18A, in the drive mode, the charge 
flow is established by the two drive electrodes 3a, 3a so 
mounted on the arms 1 b and 2b, and the drive electrode 
3b. Since the arms 1b and 2b are reversed in their X- 
directions, there is established a stress or strain which 
is reversed in the width direction of the arms thereby 
oscillating the arms in the A-B plane. The monitor elec- 55 
trode 5 detects the oscillation amplitude of the tuning 
fork oscillator. To detect the Coriolis force, as shown in 
FIGS. 19A and 19B, the X-axes are reversed on arms 



la and 2a so that the charge flow is homogeneous in the 
C-axis direction. As a result, the Coriolis force can be 
detected with sense electrodes 7a and 7b which are 
mounted in the A-B plane of the arms la and 2a. Alter- 
natively, as shown in FIG. 20, the drive electrodes 3a 
and 3b may be formed on the four faces of arms 1 b and 
2b as single electrodes. 

[0032] FIG. 21 shows an angular velocity sensor ac- 
cording to a third embodiment of the invention. In FIG. 
21 , reference numeral 1 designates the tuning fork os- 
cillator which is made of a single crystalline piezoelectric 
material such as quartz and which is composed of a pair 
of arms 1a and 1b joined by the root member 1c. Arm 
1a and arm 1b are joined at root member 1c such that 
the crystal axis azimuths of the X-axes are reversed in 
the thickness direction of the arms. As shown in FIG. 
21 , arms la and 2b have crystal axis directions, as des- 
ignated by 1 d and 2d, respectively, and arms 1 b and 2b 
are directly bonded to each other with the crystal axis 
directions reversed in the X-direction. In the third em- 
bodiment, as shown in Figs. 22 to 27B, drive electrodes 
3a and 3b are mounted on arm 1a on a first principal 
face with and sense electrode 7a mounted on the same 
principal face of arm la and ground electrode 6 mounted 
in the opposite principal face of arm 1a. Monitor elec- 
trodes are mounted on the other arm 1b on a first prin- 
cipal face. Sense electrode 7b is mounted on the same 
principal face of arm 1 b with ground electrode 6 mount- 
ed on the opposite principal face of arm 1b. 
[0033] As shown in FIG. 26A and<26B, in the drive 
mode, a charge flow is established from the drive elec- 
trode 3a through the ground electrode 6 to the drive 
electrode 3b to generate a repeated stress in which the 
strain is reversed in the width direction of arm la. As a 
result, an extending/contracting force is generated in the 
arm la to cause the tuning fork oscillator to oscillate. In 
turn, monitor electrodes 5 detect the charge which is 
proportional to the oscillation amplitude of the tuning 
fork oscillator with respect to ground electrode 6. Next, 
in the Coriolis force detecting mode, charges are gen- 
erated at the sense electrodes 7a and 7b by the charge 
flow, as shown in FIG. 27A and 27B. The sense elec- 
trodes 7a and 7b detect the Coriolis force and the ac- 
celeration component is cancelled by connecting them 
commonly, so that the external circuit does not require 
a differential amplifier. 

[0034] As shown in FIG. 28, the construction of the 
third embodiment may be modified such that the arms 
1a and 1 b are joined to have their crystal axis azimuths 
perpendicular in the X-directions (see 1d and 2d). In this 
fourth embodiment, drive and monitor electrodes (not 
shown) are mounted to arm 1a to drive and monitor the 
tuning fork oscillator and sense electrodes (not shown) 
are mounted on arm 1 b to detect the Coriolis force. 
[0035] The angular velocity sensor using the tuning 
fork oscillator of the present invention could also be con- 
structed as trifurcated type tuning fork oscillators, as 
shown in FIGS. 29Aand 29D. Alternatively, a closed end 
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type tuning fork oscillator may be constructed, as shown 
in FIGS. 29B and 29E. Finally H-type tuning fork oscil- 
lators may also be constructed, as shown in FIGS. 29C 
and 29F. In addition, similar effects could be achieved 
even if the tuning fork oscillator were divided into three 
portions, as shown in FIG. 29G. 
[0036] The foregoing individual embodiments have 
been described based on a quartz sheet in which the 
piezoelectric material is at a right angle in the Z-axis and 
X-axis directions. However, any quartz sheet could be 
employed even if it has a current angle to establish the 
tuning fork oscillations. The piezoelectric sheet having 
the tuning fork shape could be made of other single crys- 
talline piezoelectric material, such as lithium tantalate 
(LiTa 2 0 3 ) or lithium niobate (LiNb 2 O s ). 
[0037] Moreover, although the piezoelectric material 
has been described as a single crystalline material, the 
piezoelectric material could be a polycrystalline materi- 
al, such as a ceramic. However, this polycrystalline ma- 
terial is prepared by agglomerating (aggregating) the 
grains of single crystals, for example, by sintering them, 
so that the grains have heterogeneous polarities. A so- 
called "polarizing treatment" is carried out by applying 
a high voltage to the polycrystalline material to array its 
grains in the proper polarities. Moreover, the polariza- 
tion of this case is directed in the X-direction. 
[0038] Now that the preferred embodiments of the 
present have been shown and described in detail, vari- 
ous modifications and improvements thereon will be- 
come readily apparent to those skilled in the art. Accord- 
ingly, the spirit and scope of the present invention is to 
be construed broadly and limited only by the appended 
claims, and not by the foregoing specification. 

Claims 

1 . An angular velocity sensor comprising: 

a first tuning fork member including at least two 
arms made of a single crystalline piezoelectric 
material and at least one root member joining 
said arms; and 

a second tuning fork member having a shape 
generally similar to that of said first tuning fork 
member and made of a single crystalline pie- 
zoelectric material wherein said first tuning fork 
member and said second tuning fork member 
are directly bonded in the thickness direction to 
form an integral structure wherein the polarity 
of the piezoelectric material for each of said first 
and second tuning fork member are inverted 
from each other in the width direction thereof. 

2. An angular velocity sensor comprising: 

a first tuning fork member including at least two 
arms made of a single crystalline piezoelectric 



material and at least one root member joining 
said arms; and 

a second tuning fork member having a shape 
generally similar to that of said first tuning fork 

s member and made of a single crystalline pie- 

zoelectric material wherein said first tuning fork 
member and said second tuning fork member 
are directly bonded in the thickness direction to 
form an integral structure wherein the polarity 

to of the piezoelectric material for each of said first 

and second tuning fork members are inverted 
from each other in the thickness direction there- 
of. 

is 3. An angular velocity sensor as set forth in Claim 1 
wherein said first and second arms comprise four 
peripheral faces and wherein said sensor further 
comprises drive electrodes formed on each of said 
four peripheral faces of one of said first or second 

20 arms and sense electrodes formed on the opposed 
side faces of the other of said arms for detecting 
electric charges generated by oscillations normal to 
the principal face of the tuning fork oscillator. 

25 4. An angular velocity sensor as set forth in Claim 2, 
wherein said first and second arms comprise four 
peripheral faces and wherein said sensor further 
comprises drive electrodes formed on each of said 
four peripheral faces of one of said first or second 

30 arms and sense electrodes formed on the opposed 
side faces of the other of said arms for detecting 
electric charges to be generated by oscillations nor- 
mal to the principal face of the tuning fork oscillator. 

35 5. An angular velocity sensor comprising: 

two tuning fork members made of piezoelectric 
sheets of crystals having inverted piezoelectric 
phenomena and having a plus polarity at one 

40 end of the electrically active X-axis thereof and 

a minus polarity at the other end; and 
each tuning fork oscillator member including a 
pair of arms extending from a tuning fork root 
member to set said X-axis direction in the width 

45 or thickness direction wherein said two tuning 

fork members are directly bonded with the po- 
larities of said X-axis direction being inverted 
from each other. 

50 6. An angular velocity sensor comprising: 

first and second arms, each formed of single 
crystalline piezoelectric material and having at least 
one root member joining the first and second arms, 
wherein the first arm and the second arm are bond- 

55 ed to each other in a thickness direction such that 
the crystal axis directions of the single crystalline 
piezoelectric material for each of said first and sec- 
ond arms are perpendicular to each other. 
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A process for manufacturing an angular velocity 
sensor comprising a tuning fork oscillator compris- 
ing the steps of: 

forming a sheet material by bonding at least two s 
sheets of single crystalline piezoelectric mate- 
rial directly so as to have different crystal axes; 
and 

forming said tuning fork oscillator from said 
sheet material. w 

A process for manufacturing an angular velocity 
sensor as set forth in Claim 2 comprising the steps 

of: 

15 

forming first tuning fork members from a first 
wafer of single crystal piezoelectric material; 
forming a plurality of second tuning fork mem- 
bers from a second wafer of single crystal pie- 
zoelectric material; and 20 
directly bonding said first and second wafers in- 
cluding said first and second tuning fork mem- 
bers such that the bonded first and second tun- 
ing fork members have different crystal axes 
azimuths. 25 
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(57) An integral bimorph angular rate sensor is 
formed by directly bonding two tuning fork members 
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